Rationale: Apolipoprotein (apoA)-I mimetic peptides are a promising type of antiatherosclerosis therapy, but how the structural features of these peptides relate to the multiple antiatherogenic functions of HDL is poorly understood. Objective: To establish structure/function relationships of apoA-I mimetic peptides with their antiatherogenic functions. Methods and Results: Twenty-two bihelical apoA-I mimetic peptides were investigated in vitro for the capacity and specificity of cholesterol efflux, inhibition of inflammatory response of monocytes and endothelial cells, and inhibition of low-density lipoprotein (LDL) oxidation. It was found that mean hydrophobicity, charge, size of hydrophobic face, and angle of the link between the helices are the major factors determining the efficiency and specificity of cholesterol efflux. The peptide with optimal parameters was more effective and specific toward cholesterol efflux than human apoA-I. Charge and size of hydrophobic face were also the major factors affecting antiinflammatory properties, and the presence of cysteine and histidine residues was the main factor determining antioxidant properties. There was no significant correlation between capacities of the peptides to support individual functions; each function had its own optimal set of features. Conclusions: None of the peptides was equally effective in all the antiatherogenic functions tested, suggesting that different functions of HDL may have different mechanisms and different structural requirements. The results do suggest, however, that rationalizing the design of apoA-I mimetic peptides may improve their therapeutic value and may lead to a better understanding of mechanisms of various antiatherogenic functions of HDL. (Circ Res. 2010;107:217-227.)
A therosclerosis underlies most cases of cardiovascular disease, which is now the major cause of morbidity and mortality in developed countries. Accumulation of cholesterol in the arterial wall and vascular inflammation are in the center of the pathogenesis of atherosclerosis, and treatments controlling delivery of cholesterol and inflammation (statins) reduce the incidence of cardiovascular disease by 30% to 40%. 1 There is, however, an urgent need for further reduction of the unacceptably high remaining risk of cardiovascular disease. A most promising direction is complementing reduction in levels of the proatherogenic lipoproteins with increasing levels of the antiatherogenic lipoprotein, high-density lipoprotein (HDL), "HDL therapy." 2 It is becoming clear that success of HDL therapy critically depends on the mechanism for elevating HDL, with a straightforward, and so far the most successful, approach being direct infusion of exogenous HDL. 3, 4 Infusion of reconstituted (r)HDL, however, has considerable limitations because of high cost and requirement for intravenous delivery making it suitable mainly for acute treatment. An alternative to rHDL is apolipoprotein (apo)A-I mimetic peptides.
ApoA-I mimetic peptides mimic the secondary structure of the major structural element of apoA-I, 22 -mer amphipathic type A ␣-helix. 5 It appears that there is no requirement for a homology between the primary structure of these peptides and apoA-I; these peptides are active as long as the secondary structure of apoA-I is replicated. 5, 6 ApoA-I mimetic peptides show remarkable capacity to support cholesterol efflux, share the antiinflammatory properties of HDL, and reduce development of atherosclerosis in animal models. [7] [8] [9] [10] [11] ApoA-I mimetic peptides cost a fraction of the cost of rHDL; they are safe and well tolerated, 12 and approaches for oral delivery are being developed. 8, 13 Perhaps the best advantage of these peptides is the ability to modify their structure to better understand the mechanisms of atheroprotective action of HDL, with a view to further improving the atheroprotective capacity of the peptides. Relatively limited research has been done to understand structure/ function relationships of apoA-I mimetic peptides. The present understanding of the structure/function relationship of the peptides can be summarized as follows:
• The amphipathic ␣-helix of 18 to 22 residues is essential for a peptide to mimic apoA-I and to be atheroprotective. 14 • There is no stereospecificity: peptides made of D-amino acids are as effective as those made of L-amino acids. 10, 13, 15 • Increasing hydrophobicity by including 2 or 4 phenylalanine residues improves the capacity of peptides to associate with lipids 16 and antiinflammatory capacity of the peptides. 8 • Alignment of negative charges on the polar face increases cholesterol efflux. 17 • Two helixes connected through proline residue work better than a single helix in cholesterol efflux and inflammation assays. 18, 19 • Introducing asymmetry in bihelical peptide improves its specificity in cholesterol efflux assay and reduces toxicity. 20 Although the atheroprotective functions of HDL are not limited to its role in reverse cholesterol transport and inflammation, only these 2 functions have been tested in most studies, but never, to our knowledge, simultaneously. In the present study, we undertook a comprehensive analysis of the structure/function relationship of apoA-I mimetic peptides. We used bihelical peptides not only because they have shown a better antiatherosclerosis activity, but also because they offer an opportunity to mimic variability in the structure of 2 adjacent helices, a property increasing their similarity to apoA-I and improving specificity of at least some their functions. 18, 20 We investigated the impact of changes in peptide mean hydrophobicity, size of hydrophobic face, charge, type of ␣-helix, configuration of the bridge between 2 helices, asymmetry of the helices, and inclusion of specific residues. The impact of these changes on the capacity and specificity of cholesterol efflux, inflammatory response of monocytes and endothelium, and antioxidant properties were studied. We endeavored to determine which structural features listed above are important for the four antiatherogenic functions of the peptides and to establish optimal combination(s) of these features favoring each or all of these functions.
Methods

Cholesterol Efflux
Cellular cholesterol was labeled by incubation in serum-containing medium with [ 3 H]cholesterol for 48 hours in a CO 2 incubator. Cells were then washed and incubated for 18 hours at 37°C in serum-free medium in the presence or absence of TO-901317 (4 mol/L). Cells were washed and incubated for another 4 hours at 37°C (THP-1 cells) or 18 hours (BHK-1 cells) in serum-free medium containing indicated concentrations of the peptides or lipid-free apoA-I. Where indicated, cells were fixed by incubation for 20 minutes with paraformaldehyde (4%) before the efflux experiments.
Expression of CD11b on Human Monocytes
Resting human monocytes were stimulated with 1 mol/L phorbol-12 myristate 13-acetate (PMA) in the presence or absence of the peptides or apoA-I final (concentration, 40 g/mL) and incubated with the FITC-conjugated antibody to the active epitope of CD11b for 15 minutes at 37°C. Cells were then fixed with 4% formaldehyde, and CD11b expression was measured by flow cytometry.
Expression of VCAM-1 in Mouse Endothelial Cells
SVEC4/VCAM-1 cells were washed and apoA-I, HDL or apoA-I mimetic peptides were added at the final concentration of 0.75 mg/mL. After 18 hours of incubation, tumor necrosis factor (TNF)-␣ was added in serum-free medium to the final concentration of 10 ng/mL. Cells were incubated for 5 hours, and luciferase activity was measured using Bright-Glo Assay.
Oxidation of Low-Density Lipoprotein
Freshly isolated low-density lipoprotein (LDL) (final concentration, 100 g/mL) was incubated at 25°C for the indicated periods of time with CuSO 4 (final concentration, 15 mol/L) in the presence of the peptides or apoA-I (final concentration, 100 g/mL), and absorption was continually monitored at 234 nm.
Results
Structure of apoA-I Mimetic Peptides
Twenty-two apoA-I mimetic peptides were synthesized; their sequences, physicochemical properties, and general features are shown in Table 1 . Two peptides were used as prototypes, to understand how changes in their structures affect their function. The first prototype peptide was 5A (no. 1), which was described by us previously; it consists of 2 type A amphipathic ␣-helices connected through proline; hydrophobicity of the second helix was reduced by substituting hydrophobic amino acids with alanine. 20 Four derivatives of 5A were synthesized (peptides 19 to 22) to test the impact of the introduction of 2 amino acids known to be antioxidants, cysteine and histidine, on its properties. The second prototype peptide was ELK (no. 2), which is made of just 3 amino acids: glutamic acid, leucine, and lysine. 21 It consists of 2 identical canonical type A amphipathic ␣-helices with 180°hydrophobic face and neutral net charge; helices are connected with a proline residue. ELK peptide was used to make sixteen modifications (peptides 3 to 18) testing the impact of modification affecting the following features: (1) net charge, because it may affect interaction with cellular receptors and lipids; (2) mean hydrophobicity and size of hydrophobic face, because they may affect the interaction with lipids and cellular receptors; (3) type of helix and configuration of the proline bridge between the 2 helices, because it may affect interaction with lipoprotein particles and cellular receptors, as well as properties of complexes of peptides with lipids after they acquire the latter from cells; and (4) asymmetry, because it was shown to affect specificity of cholesterol efflux. Some of these properties are interdependent (eg, charge and hydrophobicity), requiring testing several peptides with combinations of these features. Peptides were tested in lipid-free form to mimic the interaction of lipid-free apoA-I with cells and to exclude the confounding effects of lipid-binding properties of the peptides and variations in size of "rHDL" particles.
Non-standard Abbreviations and Acronyms
Efficiency of Cholesterol Efflux From Human Monocyte Cell Line THP-1
To test the capacity of cholesterol efflux to the apoA-I mimetic peptides, human monocytic cells THP-1 were differentiated into macrophages, activated or not with liver X receptor (LXR) agonist TO-901317, which induces expression of ABC transporters, labeled with [ 3 H]cholesterol and incubated with various concentrations of peptides for 4 hours. THP-1 cells not activated with LXR agonist contain low levels of ABC transporters, therefore, the efflux from nonactivated cells was considered to represent the component of the efflux that was not mediated by these transporters. The difference between the efflux in the presence and absence of LXR agonist was therefore defined as ABCA1-mediated cholesterol efflux. The dose-dependencies of the efflux from THP-1 cells are presented in Online Figures I through III (see the Online Data Supplement, available at http://circres.ahajournals.org). Figure I shows the efflux from the cells activated with TO-901317, Figure II shows the efflux from cells not-activated with TO-901317, and Figure III shows a difference between the effluxes from activated and nonactivated cells, ie, ABCA1dependent efflux. To quantitate cholesterol efflux, the areas under the dose dependence curves were calculated, as well as the contribution of ABCA1 for cholesterol efflux at nonsaturating concentration of 20 g/mL. These parameters are shown in Table 2 . Analysis of the structure/function relationships, as related to the capacity of the peptides to support ABCA1- 
Hydrophobicity and Charge
The relationship between mean hydrophobicity and the capacity of the peptides to support cholesterol efflux is shown in Figure 1A . It appears that the relationship is characterized by a sharp peak around a mean hydrophobicity value of Ϫ0.5.
Adding charges inevitably changes hydrophobicity, making it difficult to investigate the effect of the charge independently of hydrophobicity. It appears, however, that peptides carrying positive (squares) and negative (triangles) charges have lesser capacity to support cholesterol efflux and an overall neutral charge is optimal. The peptide ELK-2A2K2E was synthesized after this initial analysis, creating a peptide with neutral charge and optimal hydrophobicity. Indeed this peptide showed exceptional capacity to support cholesterol efflux, even exceeding that of apoA-I, supporting our conclusions. Four neutral charged peptides that had average hydrophobicity of approximately Ϫ0.5 but still failed to support cholesterol efflux ( Figure 1A ) all had other features strongly detrimental for the efflux capacity, such as the inclusion of histidine and/or cysteine residues or asymmetry in ELK peptides or both (see below).
Size of Hydrophobic Face
Increasing the size of hydrophobic face was beneficial, as long as overall hydrophobicity and charge were maintained (ELK-2F, ELK-1F).
Type of Helix
Changing the type of helix from the type A helix found in ELK to type G and Y helices, as was done for peptides ELK-3E3EK and ELK-2E2K, had a small beneficial effect on the capacity of the peptides to support cholesterol efflux.
Proline Bridge
Substitution of Ala for Pro in the bridge, as was done for peptide ELK-PA, was detrimental for the efflux capacity; however, substitution of Ala-Ala for Pro (peptide ELK-P2A), which generated half of the angle generated by proline, restored the efflux capacity.
Asymmetry
Asymmetry had a significant beneficial effect for the peptide 5A as compared to the parent symmetrical peptide L37PA 20 ; Table 2 , and data for hydrophobicity and charge are taken from Table 1 . Squares denote positively charged peptides; triangles denote negatively charged peptides.
however, the same feature tested on ELK peptides had a strong detrimental effect (ELKA versus ELK).
Inclusion of Cys and His
This was tested on the derivatives of asymmetrical peptide 5A. Inclusion of Cys or His and especially CysϩHis in the first (hydrophobic) helix (peptides 5A-CH1, 5A-H1, and 5A-C1) was detrimental for the efflux, whereas inclusion of these amino-acids in the second (less hydrophobic) helix (peptide 5A-CH2) was beneficial.
With few exceptions, the contribution of ABCA1 transporter for cholesterol efflux was proportional to the overall capacity of the peptides to support cholesterol efflux ( Table 2 and Online Figure IV) , resulting in a statistically significant correlation between these 2 parameters (rϭ0.66, PϽ0.001) ( Figure 1B ). This finding confirms that changes in the peptide structure affected specifically the ABCA1-dependent component of the efflux.
Finally, we analyzed the effect of complexing the most active peptide, ELK-2A2K2E with phospholipid on cholesterol efflux. Complex ELK-2A2K2E/POPC was significantly more effective in supporting cholesterol efflux from THP-1 cells ( Table 2 , last row). Cholesterol efflux to lipidated particles is mediated by several mechanisms, including ABCG1 and SR-B1, as well as by aqueous diffusion; and whereas the former is activated by LXR agonists, the latter are not; thus, the contribution of specific transporters could not be tested using this design.
Specificity of Cholesterol Efflux From Human Monocyte Cell Line THP-1
The amphipathic nature of the peptides is essential for their capacity to support cellular cholesterol efflux and form lipoprotein particles; however, it can potentially cause cytotoxicity by damaging the plasma membrane. 15 To analyze the contribution of the potentially cytotoxic "nonspecific" efflux, we compared cholesterol efflux to the peptides at saturating concentration (80 g/mL) from live THP-1 cells and cells fixed with paraformaldehyde, a method we used previously to analyze cytotoxic properties of peptides 5A and L37PA. 20 The data for cholesterol efflux are shown in Online Figure V , the absolute values of nonspecific efflux (ie, efflux from fixed cells) is shown in Figure  2 A and the "specificity" of the efflux (ie, efflux from live cells minus efflux from fixed cells/efflux from live cellsϫ100%) is shown in Figure 2B . Analyzing features of the peptides responsible for the high nonspecific efflux, we excluded from consideration peptides with low overall capacity to support efflux from live cells (marked with arrows in Figure 2 ). The rationale for this exclusion was that analyzing efflux properties of the peptides that do not support total cholesterol efflux would not provide meaningful information about specificity of the efflux. Two features of the peptides associated with the high level of nonspecific efflux were the following: (1) net positive charge of the peptide (peptides with charge Նϩ2 denoted with fine crosshatched bars in Figure 2 ); and (2) replacement of the proline a bridge with a single alanine (peptide ELK-PA denoted with coarse cross-hatched bar in Figure 2 ).
Thus, these 2 features should be avoided to avert toxicity of the peptides. The analysis also pointed to the 2 peptides with exceptional specificity, ELK-2A2K2E and ELK-1W; their specificity surpassing that of apoA-I. However, whereas the former peptide was very active in ABCA1-dependent cholesterol efflux, the latter had a modest capacity for the ABCdependent efflux, indicating that peptide ELK-1W may interact with alternative transporters or receptors that promote cholesterol efflux.
Cholesterol Efflux From BHK and BHK/ABCA1 Cells
Although it is likely that the cholesterol efflux observed from the THP-1 cells was attributable to ABCA1, because only lipid-free peptides were used, it is possible that other ABC transporters, such as ABCG1, could also be contributing to the measured cholesterol efflux. An alternative model was, therefore, also used to assess the capacity and specificity of the peptides toward cholesterol efflux. BHK cells stably transfected with ABCA1 were compared to parent BHK cells, which do not have significant levels of endogenous ABCA1 or ABCG1 22 ; thus the difference between the 2 cell lines was defined as ABCA1-dependent cholesterol efflux. With 2 exceptions, peptides ELK-2A and 5A-CH2, the efficiency of the peptides toward specifically ABCA1dependent efflux closely followed the ABCA1-dependent efflux observed from THP-1 cells ( Figure 3A ). There was a significant correlation between the ABCA1-dependent efflux from BHK cells and ABC-dependent efflux from THP-1 cells (rank order correlation: rϭ0.75, PϽ0.0001) ( Figure 3B ). The relationships between structural features of the peptides and efficiency of the efflux from BHK-ABCA1 cells was similar to that of THP-1 cells, except that relationship between efflux and mean hydrophobicity peaked at a slightly higher value of -0.4 (not shown). Thus, cholesterol efflux to lipid-free peptides primarily reflects ABCA1-dependent efflux.
Antiinflammatory Properties: Monocytes
We have previously demonstrated that apoA-I and HDL are capable of reducing the expression of a key adhesion molecule, CD11b, on human monocytes in response to activation with a number of proinflammatory stimuli. 23 We tested the capacity of the peptides to mimic this property of apoA-I on human monocytes activated with PMA in the presence of the peptides or apoA-I (final concentration 40 g/mL). The expression of CD11b was assessed by flow cytometry and is shown in Figure 4A . All peptides, with the exception of ELK-1F and ELK-2A, inhibited the expression of CD11b on activated human monocytes; there was a 6-fold difference in the magnitude of inhibition between the most and the least efficient peptides. Analysis of structure/function relationships as related to the inhibition of CD11b expression led to the following conclusions:
1. The structural feature having the most impact on the capacity of peptides to inhibit CD11b expression was asymmetry: all 3 asymmetrical peptides, 5A, ELKA, and ELKA-CH2, were most active in inhibition of CD11b expression on monocytes. 2. Second feature having considerable impact on the capacity of the peptides to inhibit CD11b expression was the size of the hydrophobic face. An increase of the size of hydrophobic face of Ͼ180 o was detrimental for the antiinflammatory property of the peptides (peptides ELK-2F, ELK-1F and ELK-2A). 3. Third feature affecting this antiinflammatory property was charge. Two or more additional positive charges were detrimental (peptides ELK-2A, ELK-1A and ELK-1L1K); however, additional negative charges were neither detrimental nor beneficial (peptides ELK-1W, ELK-3E3LK and ELK-3E3K3A). 4. Changing the type of helix to type G or Y was detrimental for the antiinflammatory capacity of the peptides (peptides ELK-2E2K and ELK-3E3EK).
Introduction of Cys and His residues or manipulation
with proline bridge between the 2 helices had limited impact on the antiinflammatory properties of the peptides.
Thus, the optimal structural features of an effective antiinflammatory peptide are an asymmetrical pair of type A ␣-helices with hydrophobic face less than 180 o and with neutral or negative charge. We also analyzed the effect of complexing of the most active peptide, ELK-CH2, with phospholipid on its capacity to inhibit CD11b expression. Complex ELK-CH2/POPC had a higher capacity to inhibit CD11b expression compared to lipid-free peptide ( Figure 4A) . Similar effects were observed for the peptide, 5A (not shown).
Antiinflammatory Properties: Endothelium
HDL and apoA-I affect expression of adhesion molecules on endothelial cells and this function may contribute significantly to the antiinflammatory properties of HDL. 24 To test the capacity of the peptides to mimic antiinflammatory function of apoA-I toward endothelium we used a mouse endothelial cell line (SVEC4) stably transfected with luciferase under control of human VCAM-1 promoter. It was originally suggested that whereas apoA-I reconstituted with phospholipid or native HDL was a potent inhibitor of VCAM-1 expression, lipid-free apoA-I may not be as effective ascribing endothelial antiinflammatory property of HDL to its lipid constituencies. 25 This was not confirmed in our studies, with mouse endothelial cells: lipid-free apoA-I was just as an effective inhibitor of VCAM-1 expression as HDL, inhibiting 90% of VCAM-1 expression (HDL inhibited VCAM-1 expression by 95%, PϾ0.05 versus apoA-I) ( Figure  4B ). Peptides were tested in lipid-free form; cells were activated with TNF-␣ and incubated with apoA-I, HDL or the peptides at the final concentration of 0.75 mg/mL, which was found to be a nonsaturating concentration of the peptides for this response. Analysis of structure/function relationships as related to the inhibition of VCAM-1 expression is shown in Figure 4B and led to the following conclusions: Thus, to be effective in inhibition of VCAM-1 expression the peptide ideally should have a larger hydrophobic face, positive or neutral charge, and may contain a Cys residue. We also analyzed the effect of complexing of the most active peptide, ELK-2A, with phospholipid on its capacity to inhibit VCAM-1 expression. Unexpectedly, complex ELK-2A/POPC did not inhibit VCAM-1 expression ( Figure 4B ). Complexing ELK-2A with another phospholipid, dimyrisoylphosphatidyl choline (DMPC), partially restored the capacity of the peptide to inhibit VCAM-1 expression ( Figure 4B) . Similar effects were observed for the peptide, 5A (not shown).
Antioxidant Properties
The antioxidant properties of the peptides were assessed in an LDL oxidation assay. Human plasma LDL was incubated in the presence of Cu 2ϩ and apoA-I mimetic peptides or apoA-I (final concentration 100 g/mL); time course of diene formation was monitored by measuring absorption at 234 nm. Duration of lag phase and maximum diene formation were used to quantitate the rate of LDL oxidation as described by Pinchuk et al. 26 The time course curves for LDL oxidation are shown in Online Figure VI , and the rates of LDL oxidation are shown in Figure 5 . All peptides, with the exception of ELK-1K1A1E, ELK-1F and ELK-1L1K inhibited oxidation of LDL by Cu 2ϩ ; there was a 5-fold difference in the magnitude of inhibition between the most and least effective peptides. Analysis of structure/function relationships as related to the inhibition of LDL oxidation led to the following conclusions.
1. As expected, presence of Cys and/or His residue (peptides 5A-CH1, 5A-C1, 5A-H1, 5A-CH2, ELKA-CH2) significantly increased the antioxidant capacity of the peptides. The exact position of the residues had limited impact. 2. Unexpectedly, changes affecting secondary structure of the peptides had beneficial effect: asymmetrical peptides, peptides comprising type G and type Y helices (peptides ELK-3E3EK and ELK-2E2K), as well as peptides with modification of the proline bridge (peptides ELK-P2A and ELK-PA), were all better antioxidants. Most peptides were better antioxidants than apoA-I. 3. Charge, hydrophobicity, and size of hydrophobic face had limited impact on antioxidant capacity of the peptides.
Thus, an effective antioxidant peptide should contain Cys residue and preferably contains a non-type A ␣-helix, such as type G or type Y. We also analyzed the effect of complexing of the most active peptide, 5A-CH1, with phospholipid on its capacity to inhibit LDL oxidation. Complex 5A-CH1/POPC had a higher capacity to inhibit LDL oxidation compared to lipid-free peptide ( Figure 5 ).
Relationships Between Different Antiatherogenic Properties of the Peptides
The finding that different apoA-I mimetic peptides have a wide range of efficiencies toward various antiatherogenic properties made it possible to investigate if any of these functions are related to each other. We found, however, no significant positive relationship for the various assays. In fact, the analysis of the structural features shows that features beneficial for one function may be detrimental for another (Table 3 ). For example, increased size of hydrophobic face was beneficial for cholesterol efflux, but detrimental for the monocyte antiinflammatory function. Maintaining the proline bridge was essential for the efflux, but was detrimental for the antioxidant function and did not affect monocyte antiinflammatory function. Although several peptides were superior to apoA-I for some of the individual functional assays, none of them was better than apoA-I in all tested functional assays. These findings are consistent with a suggestion that the various functions of apoA-I may have different structural requirements and are determined by different regions of the protein.
Discussion
In this study, we analyzed the structure/function relationship of 22 bihelical apoA-I mimetic peptides to identify structural features of these peptides that enable them to better mimic the various antiatherogenic functions of HDL. We also aimed at establishing if the various antiatherogenic properties of apoA-I are dependent on the same structural features and, if so, whether they share the same underlying mechanism. The critical features of the peptides for cholesterol efflux capacity and ABCA1 specificity were hydrophobicity, size of the hydrophobic face, charge, and angle between 2 helices. Some of these features, such as requirement for a proline bridge 18, 19 or size of hydrophobic face, 8 were previously investigated and our data are consistent with the results of these studies; however, this is the first systematic analysis of multiple structural modifications on cholesterol efflux. Fol- lowing this analysis, we were able to synthesize a peptide combining all beneficial features required for cholesterol efflux, ELK-2A2K2E. This peptide was more effective than apoA-I in capacity and specificity of cholesterol efflux, thus supporting our findings. As was shown for the experiment with ABCA1 transfected cells, the optimal structural features most likely enable these peptides to interact with ABCA1 and for triggering any downstream events that are necessary for cholesterol efflux. An unresolved issue among factors affecting cholesterol efflux is requirement for an asymmetry of the peptides. We have previously shown that introduction of asymmetry in bihelical peptide L37PA resulted in dramatic improvement of specificity, with only modest reduction in overall efflux capacity. 20 We attempted to introduce such an asymmetry into ELK-2A2K2E peptide (peptide ELKA) expecting a peptide with even better cholesterol efflux specificity. However, this peptide had very low overall capacity to support cholesterol efflux; the reasons for this are yet to be established.
Antioxidant property of the peptides strongly depend on the presence of particular amino acids, such as histidine and cysteine, a finding consistent with that of Jia et al. 27 Presence of these amino-acids and enhanced antioxidant capacity have also been proposed to be behind the antiatherogenic properties of apoA-I Milano and apoA-I Paris . 28 As expected, the other physiochemical properties of the peptides had limited impact on antioxidant capacity, but unexpectedly changes disrupting "apoA-I-like" secondary structure, such as changing helix type or removing proline bridge were beneficial. Possibly, these changes alter the binding of these peptides to LDL, as was suggested by Getz et al. 19 Antiinflammatory properties of the peptides were investigated in 2 models, related to the expression of adhesion molecules on monocytes and endothelium. The antiinflammatory effect of HDL to these 2 cell types, however, likely involves different mechanisms. The antiinflammatory effect of HDL on monocytes is fast, short lived and requires low concentration of apoA-I, 23 whereas the response of endothelial cells is slow, long lasting and requires high levels of HDL. 29 These differences suggest different mechanisms responsible for the antiinflammatory effects of HDL in these cell types. It is therefore not surprising that the structural requirements for antiinflammatory effect of the different peptides in these 2 models did not overlap and in fact were almost opposite. Peptides active in inhibiting monocyte CD11b were asymmet-rical peptides with a smaller hydrophobic face and a negative charge. In contrast, peptides active in inhibiting expression of endothelial VCAM-1 had relatively large hydrophobic faces and were positively charged. As the mechanisms of the antiinflammatory effects of apoA-I on monocytes and endothelial cells are not known, it is premature to speculate on how these structural features are translated into differences in the expression of adhesion molecules.
Another interesting finding of this study was that different atheroprotective functions of the peptides were determined by different structural features. No consistent correlation was found between the capacities of the peptides to mediate the various functions. No specific structural feature equally benefitted all functions. Furthermore, time and dose dependencies of the effects of the peptides and apoA-I on specific functions varied dramatically from one function to another: it took less than 15 minutes to inhibit the expression of CD11b and almost 24 hours to inhibit expression of VCAM-1. The saturating concentration of the peptides significantly differed for the different assays. Approximately 20 g/mL of the peptides was required for maximum cholesterol efflux, whereas 100 g/mL was needed for antioxidant capacity and Ͼ750 g/mL for inhibition of VCAM-1 expression in endothelium. These findings suggest that different antiatherogenic functions of apoA-I have different mechanisms. This is consistent with findings of Wool et al, 18 who demonstrated that modification of the peptides that favors HDL remodeling have negative impact on antioxidant function. Although a number of peptides were better than apoA-I in supporting individual functions, none of them could match the versatility of apoA-I when all the functions were taken into consideration. Possibly, different parts of apoA-I are responsible for different antiatherogenic functions and mimicking just one or 2 structural features of apoA-I is insufficient to create a peptide active in the many antiatherogenic facets of apoA-I. Although it may, therefore, be difficult to duplicate all of the biological properties of apoA-I in a single peptide of limited length, it may be possible to use a combination of peptides, an option that is currently being tested. The uncoupling, in the peptides, of the different antiatherogenic properties of HDL, however, creates a unique opportunity to investigate the relative contribution of the different antiatherogenic activities of HDL by testing them in animal models of atherosclerosis.
It is important to recognize several potential limitations of this study. First, HDL constituents other than apoA-I most 30 paraoxonase has a significant contribution to the antioxidant function, 31 phospholipids may contribute to the antiinflammatory effects of HDL to endothelium 25 and various pro-and antiinflammatory factors carried on HDL may contribute to the HDL antiinflammatory effects. 32 Furthermore, a number of HDL functions were not investigated in this study, such as antithrombotic activity, suppression of apoptosis, regulation of endothelial function, insulin secretion and glucose oxidation. Although these functions may contribute to the antiatherogenic properties of HDL, most available data suggest that involvement of HDL in cholesterol efflux, inflammation and oxidation are the major determinants of its atheroprotective potential and therefore are the main targets of "HDL therapy." Finally, peptides were examined in their lipid-free form. This was a deliberate strategy, as the physiochemical properties of the peptides will have a significant impact on the lipid content of rHDL particles assembled with the peptides, the size of these particles and on the number of peptide molecules per particle. These factors may have a significant confounding influence on many antiatherogenic properties of the peptides. The lipid-free peptides may also better simulate the process by which apoA-I interacts with cells and lipid-free peptides were shown to be as effective as their phospholipid complexes in preventing atherosclerosis in vivo. 33 It is likely, however, that these peptides, like apoA-I, will readily acquire in vivo various lipids and/or will recombine with endogenous HDL; therefore, future in vivo studies will be needed to fully assess the effect of these peptides on atherosclerosis. Lipidated peptides (rHDL) would also interact with endogenous HDL and undergo remodeling and therefore would not be a better representation of the in vivo situation than lipid-free apoA-I. Acknowledging however that in vivo apoA-I mimetic peptides are likely to be lipidated, we examined the effect of complexing the most active peptides with phospholipid on their activity. As expected, lipidation increased peptide cholesterol efflux capacity, most likely by complementing ABCA1-dependent efflux with the efflux through other pathways. Lipidation further improved peptide capacities to prevent LDL oxidation and to inhibit CD11b expression on monocytes. Surprisingly, lipidation had a profound effect on the capacity of peptides to inhibit VCAM-1 expression in endothelium. Whereas lipidation of apoA-I into HDL did not alter its antiinflammatory capacity, lipidation of the peptides with DMPC reduced this capacity and lipidation with POPC (palmitoyloleoyl phosphatidyl choline) abolished it. In vivo, however, lipidated peptide 5A did inhibit expression of VCAM-1 in rabbit arteries. 34 Clearly, this property of the peptides may be affected by lipid constituency. In summary, by examining a panel of amphipathic bihelical peptides, it was found that the different antiatherogenic features of these peptides requires different structural features. This is relevant to the design of apoA-I mimetic peptides for HDL therapy and may lead to new insights into what properties of HDL are the most relevant for its ability to reduce cardiovascular disease.
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